I. INTRODUCTION

M
ULTIBAND electronically steerable broad-band arrays can find applications in a variety of communication and radar systems. The work presented here is motivated by a noncryogenic phased array radio-telescope with a very large collection aperture (SKA) [1] - [3] . In this case, a 10:1 bandwidth (0.2 to 2 GHz) needs to be accommodated by a dual-polarized antenna array, while radiation pattern, polarization, return loss, and noise coupling conditions are maintained. In this paper, we address the first three antenna parameters. Since each antenna element will ultimately contain a low-noise amplifier (LNA), the noise coupling in a scanned broad-band array becomes a limiting factor. A detailed analysis presented in [4] shows conclusively that a broad-band array with elements spaced closer than at the lowest operating frequency can have very high noise coupling between element LNAs. This results in noise-dominated received signals for many scan angles ("blind" angles). The solution to this problem is to nest arrays that cover subbands of the desired frequency range, with each array spacing at or above at the lowest sub-band edge. While the lower sub-band frequency is determined by noise due to mutual coupling, the upper sub-band edge is limited by grating lobes as the array pattern is scanned. In the sections that follow, we present a prototype dual-band array, with two bands referred to as lower-band (LB) (0.8 to 2.0 GHz) and upper-band (UB) (1.6 to 4.0 GHz). The lower band is covered by dual-polarization crossed Vivaldi slot elements referred to as lower-band subarray (LBSA), and the upper band is covered by a scaled upper-band subarray (UBSA). The subarray ground plane levels need to also be scaled and a multilevel periodic ground plane is introduced, as suggested and theoretically analyzed in [5] . The dual-band dual-polarized nested antipodal Vivaldi array is shown in Fig. 1 together with the mounts used to vary UBSAs heights. In an attempt to describe the design and characterization of this array, the paper has the following outline.
• Section II describes the design, simulations and measurements of a taper-optimized antipodal Vivaldi slot element, as well as coupling between two cross-polarized elements as a function of their relative position.
• Section III describes design and performance of a dualpolarized sub-band subarray.
• Section IV presents performance of the dual-band array, including mutual coupling characterization as a function of relative ground plane height.
• Section V presents a discussion on nested multiband arrays, based on obtained experimental results. 
II. ANTIPODAL VIVALDI SLOT ELEMENT
Continuously scaled traveling-wave antennas such as the exponentially-tapered Vivaldi slot have been demonstrated to exhibit broad-band operation in both return loss and radiation patterns [6] . In an array of such elements, bandwidth perfor- mance is limited by the element spacing. Theoretical analysis of tapered slot radiation characteristics on dielectric substrates can be found in [7] - [9] . Variants of the Vivaldi element have been documented in [10] - [12] . Commonly, printed Vivaldi antennas feature metallization on only one side of the substrate, which requires a high relative permittivity of the dielectric substrate to achieve the desired 50-impedance at the feed point. In large arrays where the cost of high permittivity dielectric substrates is an issue (such as the case for SKA), lower permittivity substrates can be substituted by adopting a Vivaldi variant using an antipodal feed [11] .
The antipodal Vivaldi element shown in Fig. 2 is built on a Duroid RT/5880 substrate with a relative dielectric constant of 2.2 and thickness of 0.508 mm. The radiation arm tapers are determined by (1) and shifted to the left/right by half the microstrip line width with respect to the origin. The tapers are then rotated by (2) so that the feed line near the origin has infinite slope. This rotation effectively extends the 10-dB matching to lower frequencies. The backside metallization is the mirror image of the front with the exception of the ground taper. The parameter controls the extent of the taper while represents the height of the inner or outer taper. Zeland's method-of-moments (MoM) CAD tool IE3D was used to optimize the return loss of the element as a function of in (1) with and in meters. The results are shown in Fig. 3 where is varied from 35-2000, corresponding to nearly linear and practically right angle tapers, respectively. The dashed line in Fig. 3 indicates a range of frequencies and tapers for which the return loss is 10 dB or better.
This optimization allows us to choose as the optimal in terms of 2:1 VSWR between 1.6 and 3.5 GHz. The resulting element shape and its measured versus simulated return loss is shown in Figs. 2 and 4 . A computer-controlled anechoic chamber was used to measure the E and H plane radiation patterns, and the measured copolarized patterns are shown in Fig. 5 . Shallow nulls in the H plane at a few frequency points agree with simulations using IE3D.
From Figs. 4 and 5, we conclude that the taper-optimized antipodal Vivaldi slot antenna is suitable in both return loss and radiation pattern for the frequency range of 1.5 to 3.5 GHz. In order to design a dual-polarized array of Vivaldi elements [13] , the copolarized (CP) and cross-polarized (XP) coupling versus element separation was measured using two identical antennas and the coordinate system shown in Fig. 6 . The mutual coupling was measured using a 4.0-GHz, 0-dBm source connected to Antenna 1 and a power meter connected to Antenna 2. The resulting parameter as a function of separation distances in and is shown in Fig. 7 . The measurements indicate that the coupling is at most 20 dB at 4 GHz where the two antennas are parallel or perpendicular to each other and their substrates touching. For separations greater than 20 mm, coupling is not a strong function of position and the XP coupling is much lower than CP coupling. Therefore, in the design of the dual-polarized sub-band subarray, four elements, two for each orthogonal polarization are arranged in a cross (Fig. 8) , with coupling corresponding to point A labeled in Fig. 7 .
III. DUAL-POLARIZED SUB-BAND SUB-ARRAY Fig. 8 shows the top view of a dual-polarized subarray. The ports of the four feeds are labeled as they are referred to in subsequent measurement results. In a nested array (Fig. 1) , the subarray can be thought of as the fundamental nesting structure. Following similar procedures as outlined in Section II, a dual-polarized LBSA element scaled by a factor of 2 is designed and operates in a lower frequency band. The return losses of both elements are shown in Fig. 9 . This figure shows that the return loss of a single Vivaldi element nested in its relevant subarray is below 10 dB within its specified bandwidth of operation. Due to the arrangement of elements in the subarrays, there will be CP coupling (coupling between elements on the same line) and XP coupling (coupling between elements perpendicular to each other). Coupling measurements are made by terminating two of the four ports with matching loads while observing the transmission characteristics of CP ports 1-3 and XP ports 1-2. The results are shown in Fig. 10 .
The coupling between LBSA elements is in general less than that of UBSA especially at mid to high frequencies. This is due to the fact that at higher frequencies, the field distribution is localized near the feeds, which are electrically further apart in the LBSA. Also evident is the general trend of decreasing coupling as a function of frequency observed in both the LBSA and UBSA shown in Fig. 10 . In either case, the CP and XP coupling levels are of the same order of magnitude and at most 9 dB in magnitude. 
IV. DUAL-BAND ARRAY WITH DUAL-POLARIZATION AND MULTILEVEL GROUND
A. Array Layout
Parametric studies and simulations of arrays of identical Vivaldi elements arranged in a row-by-row and column-by-column egg-crate layout have been documented in [14] - [16] .
The top view of the dual-band array with dual polarization is shown in Fig. 11 . Without the LBSA nested in the center (Fig. 11) , the return loss and antenna patterns of the four UBSA would be similar to those already in the literatures above and are therefore not repeated. Here we examine the effect of nesting two arrays designed for different frequency bands. In specific, the element return loss and array radiation patterns across the entire operating bandwidth are of interest.
The half wavelength spacing (18 cm) for the LBSA is at 833 MHz, with the corresponding return loss of 10 dB (Fig. 9 ) and in-band XP coupling of 20 dB (Fig. 10) . The half wavelength spacing (8 cm) for the UBSA is at 1.875 GHz, with the corresponding return loss of 18 dB (Fig. 9 ) and in-band XP coupling of 15 dB (Fig. 10) . The two arrays together cover a bandwidth of 5:1, from 0.8-4 GHz. At the highest frequency, the electrical spacing between upper-band elements is 1.07 .
B. Cross-Band Coupling
In Section II, the coupling between two identical elements was quantified as a function of the horizontal spacing (an example is given in Fig. 7) . In a dual-band array, an additional parameter that can affect coupling is the relative distance in the vertical direction. Copolarized (1) and cross-polarized (2) coupling between closest elements of the LBSA and UBSA as a function of frequency and relative height were measured using the HP8719ES network analyzer with a coaxial calibration. Referring to Fig. 11 , the measurements were made at ports 3 and 5 for case (1) and at ports 4 and 5 for case (2) . In these measurements, only one of the UBSAs is raised while the other three are kept at the lowest vertical position. The return loss of the lower-frequency element as a function of vertical position of the higher-frequency element is shown in Fig. 12(a) . As can be seen from the measurements, the return loss of the LBSA is not a strong function of vertical position until the UBSAs ground plane is completely above the highest points of the LBSA (about 24 cm), acting as a scatterer in the near field. Fig. 12(b) shows the measured return loss of the upper-frequency element as the UBSAs vertical position is varied. The dependence on height is stronger than in the previous case as the LBSA acts as a finite reflector in the near field of the UBSA. In this case, in the operating band of the UBSA, the optimal height above the main ground seems to be the middle height range where is not a strong function of frequency. Therefore, a compromise in height of 12 cm is chosen for the final topology and pattern measurements.
The measured CP coupling between ports 3 and 5 shown in Fig. 13(a) indicates that the coupling is always smaller than 13 dB for the chosen height of 12 cm; it is below 20 dB for most of the frequency range. In general, below 15 cm, CP coupling is not a strong function of height and improves with increasing frequency. The cross-polarized coupling between ports 4 and 5 shown in Fig. 13(b) is more dependent on height but still below 15 dB over the entire range.
After determining the useful range of relative ground plane heights, all four of the UBSAs were raised simultaneously from 9-18 cm in order to see the effect of relative position of several UBSAs on the relevant parameters. The measurements show that characterization of the array performance as a function of single UBSA height is sufficient. As an example, the measured return loss of the UBSA element and coupling coefficient are shown in Fig. 14. 
C. Radiation Patterns
Several radiation pattern measurements were made of the nested Vivaldi array. The feed network was assembled using equal-length cables and matched power dividers. First, patterns were measured for a single two-element linear polarized upper-band array (UBA), and compared to the patterns of the same elements embedded in a dual-polarized UBSA, and subsequently placed in the complete dual-band dual-polarized array. From Fig. 15 , it can be seen that the UBA pattern is not substantially affected by the other array elements in the chosen array design. The asymmetry in the sidelobe levels and the squint are the results of the unbalanced tapered feed transition. The 3-dB beamwidth is about 45 in the E plane and 60 in the H plane. The H plane pattern of the UBA is broader than its E plane pattern, therefore when placed in the full array the coupling due to other elements in the H plane is stronger and a noticeable improvement in directivity can be observed in Fig. 15(b) .
The LBSA patterns were also measured at the frequency corresponding to the element spacing of , for two different UBA heights, Fig. 16 . The measurements demonstrate that the LBSAs E plane pattern is not sensitive to the height displacement of the UBSAs.
D. Effect of the Feed
At lower frequencies, there is a tilt in the E plane pattern. In order to understand this effect, the radiation patterns for several Vivaldi slots with identical tapers were simulated: a) a Vivaldi printed on one side of the substrate with no balun feed; (b) an antipodal (two-sided) Vivaldi with no balun; and c) an antipodal Vivaldi with a balun as depicted in Fig. 2 .
The simulation results in Fig. 17 show that the main-beam tilt is due to the balun feed only, and is therefore not a fundamental property of the antipodal Vivaldi slot. At higher frequencies the ground taper of the microstrip to twinline balun is electrically long; this facilitates the gradual transition to the radiation arms therefore provides a better feed. Other feed configurations such as ones in [12] , [13] can also be used to avoid the slight pattern tilt at lower frequencies.
V. DISCUSSION AND CONCLUSION
This paper presents the design and detailed experimental characterization of a dual-band dual-polarized nested antipodal Vivaldi slot antenna array. We showed that the nested sub-band subarray approach could be successfully optimized for element-to-element coupling while preserving the subarray pattern and input impedance in meeting broad-band requirements of next generation broad-band phased arrays. The main conclusions can be summarized as follows:
• A systematical approach to the design, optimization and characterization of a dual-band dual-polarized multilevel nested antipodal Vivaldi antenna array has been developed. • A 5:1 bandwidth in and pattern can be achieved with two scaled Vivaldi elements placed in a nested cross configuration above two-level ground.
• The array performance depends strongly on coupling between elements in the same band and in the two sub-bands. The coupling can be kept at a low level (below 20 dB) by optimizing the relative positions of the elements in all three dimensions while maintaining a generally good return loss match in both sub-bands for both polarizations.
• Coupling characterization of a single subarray at its nesting level with respect to its immediate neighboring diverse sub-band subarray is an adequate and efficient way of quantifying the overall coupling behavior due to all subarrays at the same nesting level. • Nested arrays that cover sub-bands with about 2:1 bandwidths can effectively mitigate noise coupling in scanned active arrays with LNAs in each element [4] . • This array design includes a ground plane that shields the feeds and electronics. This is important for adaptive phased arrays such as the square kilometer array (SKA) [1] , which was the main motivation of this work. The array bandwidth is much larger than the currently available digital signal processor (DSP) electronics bandwidths, and only relatively slow adaptive algorithms are possible. Although this is adequate for radio astronomy where integration times are long, this antenna array approach can also be applied to smart antennas utilizing broad-band analog processing. An example of such a principle component analysis (PCA) system with multi-GHz signal bandwidth capability is described in [17] . The integration of a multiband array with a broad-band dynamic holographic processor is the topic of continued work.
Filipovic at the University of Colorado for their helpful inputs and useful discussions.
